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MAGNETIC FIELD OF COSMIC STRINGS 
IN THE EARLY UNIVERSE 



Cosmic strings are topological defects which can be formed as a result of phase transitions with 
a spontaneous symmetry breaking in the early Universe. The possibility of the generation of 
a magnetic field around a cosmic string on the Grand Unification energy scale (GUT scale) 
in the early Universe immediately after the termination of the deconfinement- confinement 
phase transition has been analyzed. It is found that a circular current and a magnetic field 
directed along the string are induced around the string in the vacuum of a pseudoscalar matter 
consisting of charged pions. We also have studied the interaction between the magnetic flux 
tube surrounding the string (the string magneto sphere) and the cosmic plasma in the early 
Universe. A possibility of magnetization of the cosmic plasma surrounding the string owing 
to its interaction with the string magnetic field has been analyzed. 

Keywords: cosmic string, phase transitions, vacuum polarization effect, ultrarelativistic 
plasma, vacuum of pseudoscalar matter consisting of charged pions, bow shock, magnetic tube. 



1. Introduction 

According to the standard cosmological model, the 
Universe is expanding and cooling down since the 
Big-Bang moment, but remains, as a whole, uniform 
and isotropic. There are the reasons to consider the 
Universe to pass through a chain of phase transitions 
in the course of its cooling [l|, |2|. The phase tran- 
sition associated with the separation of the strong 
interaction from the electroweak one - the end of 
Grand Unification Epoch - occurred in 10 -35 s af- 
ter the Big-Bang time moment, at a temperature of 
2 x 10 16 GeV. This phase transition was accompanied 
by the symmetry breaking: from a higher one char- 
acteristic of the unified interaction to symmetries in- 
herent to plasma components at low temperatures [3|. 
The expansion of new phase regions, which initially 
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had no causal links with various vacuum states stem- 
ming from the spontaneous symmetry breaking, can 
give rise to the emergence of topological defects at the 
interfaces between those regions. Cosmic strings are 
a type of topological defects, which can be formed ow- 
ing to the phase transition with a spontaneous sym- 
metry breakdown in the early Universe 

In 1CU 10 s after the Big Bang, the electroweak 
interaction separated. When the temperature fell 
down below 124 GeV, there emerged a phase with 
violated electroweak symmetry with the nonzero 
Higgs condensate and massive W ± and Z bosons. 
The deconfinement-confinement transition, i.e. from 
a quark-gluon plasma to hadrons, took place in 
10 -5 s after the Big-Bang time moment, when the 
matter got cooled down to a temperature below 
200 MeV 0,1. 

Linear defects - cosmic strings - are formed in the 
overwhelming majority of theoretical models dealing 
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with the early Universe @|. The topologically stable 
strings have no ends, i.e. they can be infinite or form 
closed loops. The specific mass per unit string length 
and the string tension (hereafter, we used the funda- 
mental unit system, where H = c = fcg = 1) are of 
the order of fi ~ i] 2 , where r\ is the energy scale of the 
symmetry breakdown. It is determined by the phase 
transition temperature in the Universe and, in turn, 
determines the Higgs field mass, toh ~ r/. 

For strings of the Grand Unification scale, the spe- 
cific mass per unit length amounts to 10 22 g/cm. 
The transverse string radius ro is determined from 
the relation roma ~ 1, and ro ~ 1(U 30 cm for 
GUT-strings. As a result of the substantial tension, 
the string segments move at the velocities V s — /3 s c 
close to the velocity of light c. The average velocity 
within the correlation length approximately amounts 
to (V) ~ 0.15c, and the root-mean-square veloc- 
ity of a string in the radiation-dominating epoch is 
F rros ~ 0.62c @. 

2. Magnetic Field around a GUT-String 

Provided a charged field inside a string, the latter can 
behave as a superconductor Therefore, when a 
superconducting string moves, for example, in the in- 
tergalactic magnetic field, a current is generated that 
flows along the string. As a result, there arises the 
magnetosphere around the string; it is the own mag- 
netic field of the string. If such a superconducting 
string moves through a cosmic plasma at relativistic 
velocities, the interaction of its magnetic field with 
the cosmic plasma will stimulate the generation of a 
shock wave around the string [l(j. At the shock wave 
front, particles of the cosmic plasma will be accel- 
erated to high energies. As a result, they will emit 
electro mag netic waves in a wide range of energies. In 
works [ill fl2| . the generation of non-thermal radi- 
ation at the interaction between a superconducting 
string and the cosmic plasma was described in detail. 

In work [l3| (see also works 14, Hj]), it was shown 
that a magnetic field can be generated even near 
the surface of an ordinary non-superconducting string 
due to vacuum polarization effects in the quantized 
field of a charged matter around the string. Namely, 
the local cosmic string characterized by the tension 
/1 ~ to 2 } and the flux $ of the gauge field in the string 
induces a current j that circulates in vacuum around 
the string and a magnetic field B directed along the 



string. The both quantities fall down exponentially 
at large distances from the string, being connected by 
the relation 



B(r) 



dr-ej{r), 
r 



(1) 



where v = (l—4Gfi)~ 1 ) and e is the electric charge of 
the quantized matter field. In the case of a field with 
mass to and zero spin, the total flux of the induced 
magnetic field equals 



e 

Gtt 



(2) 



where F = e$ (2nhc) 1 - [e$(27rfic)- x ], and \u\ de- 
notes the integer part of u [13| . 

Consider a cosmic string of the Grand Unifica- 
tion scale (a GUT-string) and its influence on the 
pseudoscalar matter vacuum consisting of charged pi- 
ons. Such matter arises at an early stage of Uni- 
verse's evolution, right after the phase transition 
"deconfinement-confinement" has terminated, as a re- 
sult of the binding of the quarks u (u) and d (d) into 
7r ± -mesons A magnetic field is induced in vac- 
uum around the string. According to the results of 
work [l3| . this field is given by the expression 

, , e [Fsin((l - F)ir) - (1 - F) sin(FTr)] he 
B(r) W Z77~. — — — — X 



2(4tt) 2 



(3) 



where E 7T ± = m Tr ±c 2 , and to w ± is the mass of the 
charged pionic field. We also took into account that 
ZA3UT ~ 1- For F- values corresponding to the max- 
imum value of <&b (in particular, F\ s» 0.8 and 
F2 ~ 0.2), we obtain 



B(r) = B 



-2r/r B 



2.7 X 10 1 



-2r/r B 



(Gs) 



(4) 



(r/r B ) (r/r B ) 

where we took into consideration that a characteristic 
scaling factor re = hc/E w ± = 1.4 x 10~ 13 cm can be 
introduced for the magnetic field. 

3. Plasma Parameters around a GUT-String 

At the examined early stage of Universe's evolution, 
the magnetic field of a string interacts with the sur- 
rounding cosmic plasma. At high temperatures typi- 
cal of the early Universe, the rate of reactions between 
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particles exceeds a characteristic time connected with 
the rate of Universe's expansion, so that the cosmic 
plasma is in thermal equilibrium with electromagnetic 
radiation. The main contribution to the Universe en- 
ergy density is made by ultrarelativistic particles, for 
which, under the available conditions, ra^c 2 <C k B T(t) 
and fii = 0, where T(t) is the equilibrium tempera- 
ture at the cosmological time moment t, rrii is the 
mass of particles of the i-th type, and fii is the corre- 
sponding chemical potentials [17] ■ Then, the energy 
density can be approximated as follows [16| : 



eth = (j2 N *+ly. N fi 



k*T 4 



f 



7T 2 , ,4T 4 



(5) 



where Nf, and Nf are the helicity numbers (the 
number of spin projections onto the momentum di- 
rection) for every boson and fermion, respectively; 
the summation is carried out over all bosonic and 
fermionic states; and N(T) is the effective number 
of degrees of freedom. The number of degrees of 
freedom depends on the Universe composition and, 
therefore, depends on the temperature. In particu- 
lar, N (m^c 2 < k B T < k B T c ) = 69/4, where k B T c = 
— 200 MeV is the temperature of the phase transition 
"deconfinement-confinemeiit". Notice that the energy 
density eth = 1-9 X 10 36 erg/cm 3 at this temperature. 

The relation between the temperature T in the 
Universe and the time t reckoned from the Big 
Bang moment during the radiation-dominating epoch 
is expressed by the simple formula tT^ eV = 
= 2.4 [N(T)] ' , where t is measured in second units 
and TmcV m megaelectronvolts |16| . The time cor- 
responding to the deconfinement-confinement transi- 
tion equals t c — 1.4 x 10~ 5 s. 

From the expression for the concentration of ultra- 
relativistic particles 



C(3) fc 3 T 3 



(6) 



where the value of zeta-function £(3) = 1.2, it is pos- 
sible to estimate the concentration of charged parti- 
cles (at the temperature m 7T ±c 2 < k B T < k B T c , these 
particles are e^, fi^, and tt^), n cn = 1.0 x 10 39 cm" 3 , 
and the average distance between them d cn = n c ^ 3 

400 



(at T = T c , we obtain d ch = 9.9 x 10" 14 cm). The 
characteristic scale of a magnetic field, r B , turns out 
close to the average distance between charged parti- 
cles, r B ~ d ch . 

Let us also estimate the mean free path of a charged 
particle at this temperature. The energy of an ultra- 
relativistic particle is given by the relation E s» cp = 
= 3k B T, where p is particle's momentum. The mean 
free path is A ~ 1/ crifii), where n, is the concen- 
tration of particles of the i-th kind, and cr, is the 
scattering cross-section for them. Taking into ac- 
count that all scattering cross-sections for the elec- 
tromagnetic interaction <jj ~ e 4 /E 2 , where e is the 
electron charge, the mean free path is of the order 
A - 10" 8 cm at T = T c . 

At T ~ 100 MeV in the cosmic plasma, the con- 
centration of non-relativistic particles is low in com- 
parison with that of photons. Baryons are non- 
relativistic particles, and their total concentration 
"■bar ~ 10~ 9 n 7 ~ 10 29 cm -3 , where n 7 is the con- 
centration of photons [171 . This means that the or- 
der of magnitude for the ratio between the numbers 
of baryons and photons coincides with the value of 
baryon asymmetry in the Universe. 

4. String Magnetosphere and Magnetic 
Field Transfer to Cosmic Plasma 

Being surrounded with a shell-like magnetic field (a 
magnetic flux tube), the string moves at a typical rel- 
ativistic velocity through the cosmic plasma of den- 
sity p (in general, this velocity is higher than the 
sound speed in the plasma of ultrarelativistic par- 
ticles, a B = c/y/3). Therefore, in the framework of 
the hydrodynamic approximation, the flow of a rela- 
tivistic (in the string reference frame) plasma around 
the string is similar to a non-relativistic case of the 
supersonic solar wind flowing around Earth's magne- 
tosphere. As a result, there emerges a shock wave 
in the incident plasma flow, a contact discontinuity 
between the plasma behind the shock wave and the 
string magnetosphere 13, II | • The shock wave radius 
along the string motion direction can be determined 
from the equality between the pressure of the inci- 
dent plasma P = P t h + -Pdyn (here, P t h is the thermal 
pressure of ultrarelativistic gas, Pdyn = 7s pc 2 is the- 
dynamical pressure, and 7 S is the Lorentz factor of 
the string and the magnetosphere with respect to the 
plasma, 7 2 > 1.5) and the magnetic field pressure 
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P B = B 2 (R sh ) /8tt « Bgr|/(87r^ h ) in the magneto- 
sphere deformed by the plasma flux. 

In this hydrodynamic scenario of the cosmic plasma 
flowing around the string magnetosphere, two chan- 
nels of magnetic held appearance in the plasma are 
possible. One of them is associated with the emer- 
gence of instabilities at the contact discontinuity at 
the magnetosphere-downstream flux interface. As a 
result, some part of the plasma flux becomes mag- 
netized with a subsequent enhancement of the field 
in the turbulent flux to values typical of relativistic 
fluxes ee = fiBeth; i-e. the energy density of the tur- 
bulent magnetic field (ee ~ 0.01 0.1) becomes com- 
parable with the density of the thermal plasma energy 
eth- The other channel is related to the emergence of 
a magnetic field in a vicinity of the shock wave in the 
non-magnetized plasma. This field will be removed 
into the region behind the shock wave, and its mag- 
nitude will depend on the relation between dissipative 
processes and processes that strengthen the field. 

However, in the situation of the interaction between 
the string magnetic field and the cosmic plasma, 
which is considered here, the application of the hydro- 
dynamic approximation is problematic. By equating 
the pressure of the incident plasma P = P t h + Pdyn 
and the pressure of the magnetic field Pb {Rsh), we 
can calculate the shock wave radius in the hydrody- 
namic approximation, 



( b y 3 

\V8^PJ 



2.4 x 1CT 15 cm. 



(7) 



For the hydrodynamic approximation to be valid, the 
sizes of a shock wave and a contact discontinuity must 
substantially exceed the mean free path of plasma 
particles. However, the condition of hydrodynamic 
approximation eligibility is not satisfied in our case, 
and the interaction between the string and plasma 
particles is reduced to separate scattering events of 
charged particles (the deflection of their trajectories) 
in the magnetic field of a string. In this case, the 
transfer of the magnetic field into the plasma should 
be considered separately. At the qualitative level, 
we may assume that, when the incident plasma flows 
around string's magnetic flux tube, it captures some 
part of the magnetic flux formed by field lines located 
at farther distances from the string than the average 
distance between particles d^. Since the Hubble vol- 
ume (about ~ (ci) 3 ) includes about r/,. ~ ct of the 




1 2 3 4 5 6 7 

Magnetic field B at various distances r from the string 

string length, the plasma drifts a magnetic field with 
flux d<&ca P /dt ~ Vsd c hB(dch) and energy dW cap /dt = 
= V s rhd c h{B 2 (d c h) /87r) during a time unit. Owing to 
a rapid decrease of the magnetic field with increas- 
ing the distance from the string, the effective time of 
magnetic field energy transfer into the plasma equals 
At ~ t c , and the transferred energy in the Hubble vol- 
ume, AWcap ~ (dW cap /dt)At ~ /3 s rl(t c )d c he B (d c h), 
represents a very insignificant fraction of the ther- 
mal energy, ~(d c h/r h (t c )) (e Bv 4h)/eth(*c)) ~ 10~ 18 x 
xlO -11 ~ 1CP 29 . The further counteraction between 
the dissipation processes and the dynamo-processes 
that strengthen the magnetic field will be respon- 
sible for the final contribution of cosmic strings to 
the generation of the observed cosmological magnetic 
field 0. 

5. Discussion and Conclusions 

In this work, the generation of a magnetic field 
around a cosmic string of the Grand Unification en- 
ergy scale in the early Universe at the times after 
the phase transition "deconfinement-confinement" is 
considered. The magnetic field is induced around a 
cosmic string in the vacuum of a pseudoscalar mat- 
ter consisting of charged pions; this field is directed 
along the string. In Figure, the variation of the mag- 
netic field with the distance from the string is de- 
picted. The interaction between the magnetic field 
around the string and the ultrarelativistic cosmic 
plasma was studied. In particular, the parameters 
of the magnetic field and the thermodynamic char- 
acteristics of the plasma in the early Universe after 
the phase transition "deconfinement-confinement" are 
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determined. The characteristic scale of the formed 
magnetic field flux tube is shown to be comparable 
with the average distance between charged particles 
in the plasma and smaller than their mean free path 
length. Therefore, at typical relativistic velocities of 
the string in the cosmic plasma, the latter will re- 
duce the magnetic field only at rather long distances 
from the string; these are distances of the order of 
those between plasma particles, where the magnetic 
field is already suppressed substantially. As a re- 
sult, only small fractions of the magnetic field flux 
and energy are transferred into the plasma. How- 
ever, the resulting value of the field transferred into 
plasma will also depend on the subsequent field evolu- 
tion governed by both the dissipative and enhancing 
(dynamo) processes. 
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JI.B. 3adopootcna, B.I. FnamuK, RD.O. CumenKO 

MArHITHE nOJIE KOCMIHHHX CTPYH 
y PAHHbOMY BCECBITI 

P e 3 io m e 

KocMmm CTpymi — Tonojiormm ^ecoeKTH, mp motjih yTBopio- 
BaTHca nifl nac <pa30Bnx nepexofliB 3i cnoHTaHHO nopymeHOio 
CHMeTpieio y pamibOMy BcecBm. B po6oTi po3rjr>myTa mo^kjih- 
BicTB yTBopeHHH MarHiTHoro noim HaBKOjio CTpyHH eHepreTH- 
HHoro MacniTa6y BejiHKoro 06'eflHaHHH b yMOBax paHHtoro 
BcecBiTy, oflpasy nicjia <pa30Boro nepexo^y fleKOHdiaitHMeHT- 
KOHcbanHMeHT. HaBKOjio kocmImhoi CTpymi y BaKyyMi nceB- 
flOCKajiHpHo'i MaTepi'i, mo CKjiaflaeTbCH i3 3apHfl?KeHHx niomB, 
iH^yKyiOTBCH kojiobhh CTpyM Ta MaraiTHe nojie, HanpHMjieHe 
B3flOB}K CTpyHH. B po6oTi flOCjiifl^KeHO B3aeMO^,iiO MarmTHo'i 
chjioboi Tpy6KH, mp OTOHye CTpyHy — MarmTOcd)epH CTpyHH — 
3 KOCMinHOio njia3MOio b paHHBOMy BcecBiTi. npoaHajii30BaHO 
MO^KjiHBicTB 3aMarmHeHH5i OTOHyiOMoi' CTpyHy njia3MH BHacjii- 
^ok i"i BsaeMO^i'i 3 MarmTHHM nojieM CTpyHH. 
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